The reduction of dietary protein is a common approach in ruminants to decrease the excretion of N because ruminants are able to recycle N effi ciently by the rumino-hepatic circulation. In nonruminant species an impact on other metabolic pathways such as glucose metabolism was observed when dietary protein intake was reduced. However, an impact of dietary N reduction in goats on glucose metabolism especially on intestinal glucose absorption is questionable because ruminants have very effi cient endogenous recycling mechanisms. Therefore, the aim of the present study was to characterize the intestinal absorption of glucose in growing goats kept on different N supply under isoenergetic conditions. The different CP concentrations (20, 16, 10, 9, and 7% CP) of the experimental diets were adjusted by adding urea to the rations. Intestinal fl ux rates of glucose were determined by Ussing chamber experiments. For a more mechanistic approach, the Na + -dependent uptake of glucose into intestinal brush-border membrane vesicles (BBMV) and the expression patterns of the Na + -dependent glucose transporter SGLT1 and the glucose transporter 2 (GLUT2) were determined. Reduced N intake resulted in a decrease of plasma glucose (P < 0.001) and insulin (P = 0.004) concentrations whereas the intestinal fl ux rates of glucose were elevated (P < 0.001), which were inhibited by phlorizin. However, the uptake of glucose into intestinal BBMV was not changed whereas the expression of SGLT1 on mRNA (P < 0.05) and protein abundance (P = 0.03) was decreased in response to a reduced N intake. The mRNA expression of GLUT2 was not affected. From these data, it can be concluded that the intestinal absorption of glucose was modulated by changes in dietary N intake. It is suggested that intracellular metabolism or basolateral transport systems or both might be activated during this feeding regimen because the apical located SGLT1 might not be involved. Therefore, an impact of dietary N reduction on glucose metabolism in growing goats occurred as in monogastric animals.
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INTRODUCTION
In ruminants, the reduction of N excretion is favored to decrease environmental pollution. To accomplish this aim, isoenergetic low protein diets are used because the excretion of N is correlated with dietary N intake (Eriksson and Veltonen, 1982; Silanikove, 1984) .
A severe reduction in dietary protein intake resulted in stunted growth, alteration in urea metabolism, and a decrease of IGF-1and insulin concentrations in nonruminant species (Isley et al., 1983; Filho et al., 1999) . In addition, a stimulation of intestinal glucose absorption was detected during a severe reduced protein diet in rats (Lifshitz et al., 1972; Gracey and Levin, 1973) . Therefore, an evidence for a linkage between protein metabolism and other metabolic pathways such as glucose metabolism was provided for monogastric animals and humans.
In growing goats little information is available concerning the linkage between N and glucose metabolism and potential infl uences on glucose absorption in the small intestines. In the forestomachs and small intestines of ruminants the expression of glucose transporter 1 (SLC5A1 or SGLT1) was shown (Free-man et al., 1992; Aschenbach et al., 2000) . Alterations of the activity and intestinal expression of SGLT1 was detected during developmental changes in ruminants. In the preruminating stage, the expression and activity of SGLT1 was much greater than in the ruminating stage (Scharrer, 1976; Lescale-Matys et al., 1993) . However, the intestinal uptake of glucose and SGLT1 expression was restored by intraluminal infusion of glucose in adult sheep (Shirazi-Beechey et al., 1991; Dyer et al., 2003) .
It was hypothesized that an impact on glucose metabolism through dietary N was unlikely in ruminants. Therefore, the purpose of the present study was to characterize the transport of glucose in small intestinal tissues of growing goats kept on different levels of N intake.
MATERIALS AND METHODS
The protocol of the animal treatment was approved, and its conduct was supervised by the Animal Welfare Commissioner of the University of Veterinary Medicine Hannover in accordance with the German Animal Welfare Law.
Animals and Feeding Regimens
Two sets of feeding regimens were chosen. In the fi rst trial, 20 male White Saanen goats, about 3 mo of age and weighing 24.0 ± 1.0 kg, were subdivided equally into 2 different feeding groups after weaning (10 wk postnatal). The goats were fed either an adequate (16% CP) or a N-reduced (9% CP) experimental diet for 7 wk. In the second feeding experiment, another 20 male goats of the same breed, about 2 mo of age and weighing 16.3 ± 0.5 kg, were used. The goats were subdivided into 3 different feeding groups with 20 (n = 7), 10 (n = 7), or 7% (n = 6) CP in the experimental diet for 7 wk after weaning (6 wk postnatal). The CP content of each experimental diet was assessed on an as-fed basis. The reduction of CP in the 7% CP group was below dietary recommendations for growing goats and therefore of less practical relevance. However, these experimental diets were chosen to cover a broad range of dietary CP supply that were greater than low levels according to recommended values to assess the physiological range of adaptive capacity of glucose metabolism in growing goats.
The goats were fed in groups of 5 animals in Exp. 1 (2 groups for each treatment) and in groups of 6 to 7 in Exp. 2. Each experimental group was housed separately. Water was available ad libitum at all times. In both experiments, the amount of concentrate fed per animal and day was 70 g/kg metabolic BW (BW 0.75 ). In Exp. 1, 20% of the weight of concentrate was given as chopped wheat straw, and feeding was performed twice daily (0900 and 1700 h). In Exp. 2, 33% of the weight of concentrate was given as chopped wheat straw, and feeding was performed 3 times daily (0900, 1300, and 1700 h). Food was given in broad feeding troughs to allow undisturbed food intake for each animal in the group. The total amounts of all feeds offered and refused were monitored daily to estimate mean daily intake of nutrients over the entire experimental period.
Experimental Diets
The feed and wheat straw contents of DM, crude ash, crude fat, and CP were determined by standard procedures in accordance with the methods of the Association of German Agricultural Investigation and Research Centre (Naumann and Basler, 1976) . The amounts of ADF and NDF were analyzed by a method described by Van Soest et al. (1991) or calculated from measurements of crude fi ber values by using equations according to 3 Sipernat type 22S (Evonik Industries AG, Essen, Germany) is a fi neparticle silica with a high oil absorption capacity. It is widely used as a fl ow regulator and an anticaking agent, especially in the food and feed industries. 4 The concentration of ADF was calculated from measurements of crude fi ber (CF) using this equation: ADF [g/kg DM] = 1.14 × CF [g/kg DM] + 42.2 according to Kamphues et al. (2004) . 5 The concentration of NDF was calculated from measurements of CF using this equation: NDF [g/kg DM] = 1.58 × CF [g/kg DM] + 135.7 according to Kamphues et al. (2004) . 6 BDL = below detection limit, <0.5%. Kamphues et al. (2004) . The components and composition of wheat straw and the 5 experimental diets are presented in Table 1 . Sipernat 22S (Evonik Industries AG, Essen, Germany), a fi ne particle silica that cannot be metabolized, was used to adjust the weights of the reduced N diets.
Sampling
Blood samples (9 mL) were obtained after overnight fast shortly before the unfed goats were killed by venipuncture from the vena jugularis with lithium heparinatecovered syringes to defi ne N, glucose, and insulin status of the animals during time of death. These samples were separated by centrifugation at 2,000 × g at room temperature for 15 min and were stored at -20°C for subsequent analysis. At the end of the study the animals (4 to 5 mo of age) were slaughtered after captive bolt stunning by exsanguinations. For technical reasons (Ussing chamber experiments) 1 goat per day was killed. To avoid signifi cant time effects, animals from each feeding group were slaughtered alternating. Segments of about 60 cm in length from the proximal jejunum were removed from the abdominal cavity, beginning 2 m distal from the pylorus, within 3 to 5 min after slaughter. Intestinal segments were rinsed with ice-cold saline (0.9% NaCl, wt/ vol) and kept in a glucose-containing Krebs-Henseleit buffer continuously aerated with carbogen (95% O 2 and 5% CO 2 ) until the tissue preparations were mounted in Ussing chambers (Schröder et al., 1995) .
For the isolation of RNA and preparation of plasma membrane enriched fractions, samples were rinsed with ice-cold NaCl (0.9% wt/vol). The mucosa of the proximal jejunum was stripped off, frozen in liquid N, and stored at -80°C until further structural and functional analyses.
Plasma Analyses
Plasma urea concentrations were determined using a commercial kit (R-Biopharm, Darmstadt, Germany) and glucose concentrations were assayed by using the hexokinase method, which has been proposed as the reference method for measuring glucose (Passey et al., 1977) . For quantitative measurement of insulin in plasma, an insulin RIA was used (DSL-1600; Diagnostic Systems Laboratories, Inc., Webster, TX). For this assay the intra-assay CV was 6.3% and the inter-assay CV was 8.8%. Analysis of citrulline concentrations in plasma was performed according to standard method (Naumann and Basler, 1976 ) with modifi cations described by Rodehutscord et al. (2004) .
Electrophysiological Studies
After longitudinal incision along the mesenteric fi xation, the underlying serosal and muscle layers were stripped off and epithelial tissues were mounted in Ussing-type chambers with an exposed serosal area of 1.13 cm 2 . At maximum, 12 tissue preparations were used simultaneously from each animal. For determination of electrical variables, epithelial tissues were incubated on each side with 10 mL modifi ed Krebs-Henseleit buffer solution (adjusted under carbogen saturation to pH 7.4 at 38°C with HCl) containing (mM) 113.6 NaCl, 5.4 KCl, 1.2 CaCl 2 ·2H 2 O, 1.2 MgCl 2 ·6H 2 O, 21.0 NaHCO 3 , 1.2 Na 2 HPO 4 ·2H 2 O, 0.3 NaH 2 PO 4 ·H 2 O, 10.0 mannitol (mucosal buffer) or 10.0 glucose, and 0.01 indomethacin (serosal buffer). The buffers showed an osmolarity of 299 ± 3 mOsm/L. During the experiments, the buffers were continuously aerated with carbogen at 38°C. After an equilibrium period of approximately 30 min, during which short-circuit currents (I sc ) and tissue conductances (G T ) had been stabilized, I sc and G T values were recorded at intervals of 6 s as described earlier with minor modifi cations (Schröder et al., 1991 (Schröder et al., , 1995 . After measuring basal I sc and G T values in Exp. 1, 1 mM of glucose was added to the mucosal compartment and this was increased step by step to fi nal concentrations of 5, 10, and 15 mM in 20 min intervals. For osmotic reasons, equal concentrations of mannitol were adjusted at the serosal side. Maximal ΔI sc responses at each concentration were evaluated. In addition, ΔI sc values as obtained in the presence of mucosal 1 mM of glucose were successfully compared with respective data with 1 mM 3-O-methyl-D-glucose (3-OMG) as used in the next set of experiments for measuring 3-OMG fl ux rates.
Measurements of 3-O-methyl-D-glucose Flux Rates
Studies of 3-OMG fl ux rates across goat jejunum were performed with the in vitro Ussing chamber technique as described in detail elsewhere with minor modifi cations (Schröder et al., 1991 (Schröder et al., , 1995 . The 3-OMG represents a nonmetabolizable glucose analogue that has been used by others for glucose fl ux rate measurements (Walker et al., 2005) . The tissues were incubated in buffer solution (pH 7.45; 302 ± 3 mOsm/L; continuously circulated and aerated with carbogen at 38°C) containing (mM) 113.6 NaCl, 5.4 KCl, 1.2 CaCl 2 ·2H 2 O, 1.2·6H 2 O MgCl 2 , 21 NaHCO 3 , 1.2 Na 2 HPO 4 ·2H 2 O, 0.2 NaH 2 PO 4 ·H 2 O, 23 mannitol, 10 fructose, and 0.01 indomethacin. Twenty minutes after the tissues had been mounted, 185 kBq of [ 3 H]3-OMG (1.11 to 3.33 TBq/mmol; Hartmann Analytic, Brunswick, Germany), which was previously dissolved in 1 mM buffer and 3-OMG (Sigma-Aldrich GmbH, Taufkirchen, Germany) solution, were added to either the mucosal or the serosal side of the mucosa (so-called "hot" side). To avoid a chemical gradient for 3-OMG, respective "cold" sides were also adjusted to 1 mM with unlabeled substance. To test the involvement of the Na + -dependent glucose transporter SGLT1 in the mucosal-to-serosal 3-OMG transport, part of the chambers received 1 mM phlorizin on the mucosal side of the tissues just after adding the [ 3 H]3-OMG and 3-OMG mixture. Subsequently, fl ux rates were calculated from the rate of radiotracer appearance on the "cold" side. Therefore, samples were taken from the "cold" side in fi ve 5 min intervals. Unidirectional 3-OMG fl ux rates were calculated by using standard equations (Schultz and Zalusky, 1964) after counting respective tracer radioactivity in 4.5 mL of scintillation fl uid in a Packard Tri-Carb liquid scintillation counter (Schröder et al., 1993) . To avoid transepithelial electrical gradients, all fl ux measurements were performed under short-circuit current conditions to achieve a transepithelial potential difference of 0 mV. Net fl ux rates (J net ) were calculated as differences between mucosal-to-serosal fl ux rates (J ms ) and serosal-to-mucosal fl ux rates (J sm ) of paired tissues whose electrophysiological variables did not differ by >25%.
Isolation of RNA and Northern Blot Analysis of Glucose Transporter 2 and SGLT1
With reverse transcription PCR, an intestinal caprine glucose transporter 2 (SLC2A2 or GLUT2) and SGLT1-specifi c cDNA probe was created for Northern blot analysis. Poly(A) + RNA was obtained from goat proximal jejunum (as described below) and 100 ng were used to reversely transcript cDNA via Moloney murine leukemia virus reverse transcriptase (Invitrogen, Karlsruhe, Germany) according to the manufacturer's protocol. The PCR amplifi cation with Taq polymerase enzyme (Invitrogen) was performed on cDNA from caprine proximal jejunum using specifi c primers derived from ovine GLUT2 cDNA (GenBank accession number AJ318925): forward (5′-CCATGTTCTGGTCCCTGTCT-3′) and reverse (5′-GCAGCATCAATGCCACTAGA-3′) and derived from ovine SGLT1 cDNA (GenBank accession number X82411): forward (5′-TCTTCCTGGCAGGTC-GAAG-3′) and reverse (5′-GCCTGGCAGCTGTGATT-TAC-3′). Cycling variables were initial denaturation at 94°C for 2 min followed by 30 cycles at 94°C for 30 s, 60°C for 60 s, and 72°C for 2 min. The fi nal extension was at 72°C for 15 min. The specifi city of the GLUT2 and SGLT1 cDNA probes was verifi ed successfully by sequencing (Agowa, Berlin, Germany).
Semiquantitative detection of specifi c amounts of GLUT2 and SGLT1 mRNA of caprine proximal jejunum was performed via Northern blot analysis as described in detail elsewhere (Huber et al., 2002; Muscher et al., 2008) . The membranes were analyzed with a P imager system (Bio-Rad, Munich, Germany) after exposure to a P imager screen for 2 to 4 h. The relative amounts of specifi c mRNA were quantifi ed by reference to ß-actin as an internal standard using the quantifi cation software Quantity One (Bio-Rad).
Isolation of Intestinal Brush Border Membrane Vesicles, Glucose Transport Studies, and Western Blot Analysis of SGLT1
For preparation of caprine intestinal brush-border membrane vesicles (BBMV), the method as described by Schröder and Breves (1996) and Muscher et al. (2008) was applied. For the uptake of [ 3 H]D-glucose/Dglucose, BBMV were incubated at 21°C with uptake medium containing nonlabeled D-glucose and [ 3 H]Dglucose (Hartmann Analytic; 37 kBq and incubation vessel). Concentration-dependent glucose uptakes were performed over a range of 0.01 to 1.5 mM glucose. Extravesicular incubation buffer contained 100 mM mannitol, 10 mM HEPES-Tris, pH 7.4, and 100 mM NaCl. The stop solution contained 150 mM KCl and 10 mM HEPES-Tris, pH 7.4. The Na + -dependency of glucose transport was established by incubating BBMV in solutions in which KCl replaced NaCl equimolarly. The BBMV were washed with stop solution on a 0.65 μm cellulose nitrate fi lter. The radioactivity of each fi lter was counted using a Packard Tri-Carb liquid scintillation counter. Kinetic variables maximum transport capacity (V max ; nmol glucose·mg protein -1 •15 s -1 ) and transport affi nitiy (K m ; mmol glucose·L -1 ) were calculated from the Michaelis-Menten kinetic of Na + -dependent glucose uptake into the BBMV.
Immunoblot assays using BBMV preparations were performed as previously described with minor modifi cations (Huber et al., 2002; Muscher et al., 2008) . Briefl y, BBMV protein (50 μg/lane) was separated by 8.5% SDS-PAGE. Before blocking, Ponceau S (SigmaAldrich GmbH) visualization of the membranes was accomplished to check the blotting effi ciency. Immunodetection of electrotransferred protein was performed according to standard procedures. The rabbit polyclonal SGLT1 antibody (AbD Serotec, Dusseldorf, Germany), which cross-reacted with goat, was used at 1:100 dilution. Immunoreactive proteins were visualized using the enhanced chemiluminescence system (Perbio Science GmbH, Bonn, Germany) according to the manufacturer's protocol. Bands were analyzed semiquantitatively using the Quantity One software (Bio-Rad) as Gaussian trace quantity representing the area under the profi le curve calculated in pixel intensity·millimeters (INT·mm) . Band intensities between different blots were compared by us-ing 2 or 3 reference samples on each blot.
Statistical Analyses
All results are expressed as means ± SE, with n = the number of animals. Data were analyzed by 1-way ANO-VA with Tukey's posttest or by paired Student's t-test to compare the effect of phlorizin on glucose fl ux rates. Data of the Northern and Western blot analyses were tested by unpaired Student's t-test for signifi cance of differences between 2 feeding groups. To test for linear relationship between 2 variables, a simple correlation analysis with Pearson's correlation coeffi cient was calculated. For all analyses, P < 0.05 was considered to be statistically signifi cant. The analyses were performed with GraphPad Prism software (GraphPad Software, San Diego, CA; http://www.graphpad.com/). . Unaffected daily DMI of each animal in Exp. 1 was assumed based on equal growth performances. Consequently, mean fi nal BW/animal of about 33 kg was similar in 16 and 9% CP groups. In Exp. 2, fi nal BW of the animals from the 20% CP group was 21.8 kg, 23.4 kg of the 10% CP group, and 19.8 kg of the 7% CP group. These results have been previously published by .
RESULTS

Intake and Final BW of Goats
Plasma Urea, Glucose, Insulin, and Citrulline Concentrations of Goats Fed Different Levels of N
The plasma concentrations of glucose, insulin, and citrulline are presented in Table 2 . Results of urea concentrations (20% CP: 5.05 mM, 16% CP: 5.8 mM, 10% CP: 1.95 mM, 9% CP: 1.49 mM, and 7% CP: 0.78 mM ± 0.91; P < 0.001) have been previously published by . Plasma urea and glucose decreased signifi cantly due to the reduction of N in the experimental diet. A linear correlation between both was observed (r = 0.57; P < 0.001). The concentration of insulin was only decreased in the 9 and 7% CP groups in comparison with the 16% CP diet. However, a linear relation between plasma insulin concentrations and plasma urea of all animals was detected (r = 0.50; P < 0.01). Additionally, plasma glucose concentrations and insulin were also positively correlated (r = 0.49; P < 0.01). In Exp. 1, concentrations of citrulline were signifi cantly diminished when dietary N was reduced. Plasma citrulline correlated positively with plasma urea concentrations (r = 0.74; P < 0.001).
Electrophysiological Studies of Goats Fed Different Levels of N
As shown in Figure 1A and Table 3 , basal, glucoseindependent I sc values representing electrogenic net ion transport increased signifi cantly when dietary N was reduced compared with the control diets (20 and 16% CP). In in vitro intestinal studies on glucose transport in Exp. 1, increasing glucose concentrations in the 16 and 9% CP groups stimulated I sc at a maximum with 5 to 10 mM glucose, and this was signifi cantly greater, that is, 2-fold at 1 mM, in the 9% CP group in comparison with the 16% CP group indicating greater induction of electrogenic transport ( Figure 1A) . The G T varied between the feeding groups and between the 20 and 9% CP groups signifi cant differences were detected, based on the low G T values in the 20% CP group (Table 3) . However, a systemic effect of a reduced N feeding on the G T values of all feeding groups could not be observed (Table 3 ). The step-by-step increase of mucosal glucose in Exp. 1 had no impact on G T values in the 16 and 9% CP groups ( Figure 1B ).
Measurements of 3-O-methyl-D-glucose Flux Rate in Goats Fed Different Levels of N
To further investigate to what extent glucose-inducible I sc responses were mediated by Na + -dependent glucose transporter SGLT1, 3-OMG fl ux rate measurements with [ 3 H]3-OMG as radiotracer in the absence or presence of the specifi c SGLT1 inhibitor phlorizin were carried out. It is commonly assumed that 3-OMG represents a nonmetabolizable glucose analogue that is identically handled by the tissue as glucose. Indeed, this assumption was supported by our results showing no differences between the 3-OMG and glucose induced I sc responses in the 16 and 9% CP groups of Exp. 1 ( Figure  2) . Again, I sc responses were 2-to 3-fold greater in Nreduced fed animals compared with controls (Table 3) . Increases in I sc after 3-OMG or glucose administration were completely blocked by 1 mM phlorizin (data not shown). This is in agreement with markedly reduced J ms and J net 3-OMG of all feeding groups after phlorizin administration (Table 3) . When dietary N was decreased below 10% CP, signifi cant increases in J ms were recorded, which resulted in respective increases in J net because J sm were not affected (Table 3 ). The increases in J net did not differ signifi cantly when N intake was reduced to 9% under isoenergetic conditions compared with a reduction to 7% CP with a simultaneous decrease in energy intake (Table 3) . These increases were in the same order of magnitude as the increases of ΔI sc values during this feeding regime (Table  3 ). In addition, the correlation analysis performed, revealed the existence of a positive correlation between ΔI sc and J ms (r = 0.64; P < 0.001).
Uptake of Glucose in Isolated Brush-Border Membrane Vesicles in Goats Fed Different Levels of N
The functional integrity of isolated BBMV from proximal jejunum was ensured by performing characteristic Na + -dependent overshoot phenomenon of glucose uptake as a function of incubation time (data not shown). The reduction of dietary N had no signifi cant effect on the kinetic variables such as maximum transport capacity V max of SGLT1 and transporters glucose affi nity K m in proximal jejunum of growing goats (Table 4) .
Expression of SGLT and GLUT2 mRNA in Goats Fed Different Levels of N
The reduction of dietary N had a signifi cant effect on the expression pattern of SGLT1-specifi c mRNA in proximal jejunum of growing goats (Table 4 ). All 3 mRNA transcripts of SGLT1 (5.2, 3.0, and 2.4 kb; Figure 3A) were diminished whereas the expression of GLUT2 mRNA (1.5 kb; Figure 3A ) remained constant in response to N reduction. a−c Within a row, means without a common superscript differ (P < 0.01). 1 SE was given for differences within each column (signifi cance of inhibition of 3-OMG fl ux rate by phlorizin).
2 P-values were given for differences within each column (signifi cance of inhibition of 3-OMG fl ux rate by phlorizin). 
Expression of SGLT1 Protein in Goats Fed Different Levels of N
A 75 kDa protein was detected in BBMV from all animals via Western blot analysis ( Figure 3B ). The amount of SGLT1 protein expression was signifi cantly reduced in the BBMV of proximal jejunum in the goats in the 7% CP group in comparison with the 20% CP group (Table  4) . Additionally, a positive correlation between SGLT1 protein abundance and V max was observed in the goats (r = 0.74; P < 0.01).
DISCUSSION
The aim of the present study was to investigate whether isoenergetic N reduction modulates intestinal glucose transport in growing goats. With these experiments we could demonstrate for the fi rst time that a reduction of dietary N intake has an impact on glucose absorption in caprine intestinal epithelium. However, limitation of the current study was the group feeding of the animals and a reduction of DMI with decreasing N content in Exp. 2. Therefore, the effect of both N and energy reduction in parallel during Exp. 2 has to be considered. However, in Exp. 1 (16 and 9% CP) DMI and energy intake was almost identical despite large difference in glucose transport (133.2 vs. 465.6 nmol·cm -2 ·h -1 ), which supports our assumption that the variation of N intake changes glucose transport.
In addition, the differences in age and hence in BW could also have some effects on the measured variables.
To evaluate the glucose metabolic status of the animals kept on different N intake, concentrations of plasma glucose and insulin were used to roughly estimate the relationship between insulin and glucose concentration. In ruminants, blood glucose is mainly regulated by hepatic gluconeogenesis and to a lesser extent by dietary intake. In growing goats kept on a reduced N diet reported here, a decrease of blood glucose paralleled to a decreased insulin concentration was observed, which was suggested to be based on a decrease of hepatic gluconeogenesis although the intestinal absorption of glucose was even stimulated during this feeding regimen.
A decrease of gluconeogenesis during a reduced N supply in growing goats might be based for example on a diminishment of the nonessential AA citrulline, which was observed in these animals. It is known that citrulline is not only involved in urea synthesis but also in gluconeogenesis. In rats kept on a diet severely reduced in protein, a decrease of hepatic citrulline synthesis was observed (Koritz and Cohen, 1953; McGivan et al., 1976) . Subsequently, decreased blood glucose concentrations could also be responsible for a reduced secretion of insulin from pancreatic cells in these animals. Decreased blood glucose concentrations as well as insulin concentrations could also be observed in men consuming a severe protein restricted isoenergetic diet (Lariviere et al., 1994) .
An increase of the electrogenic net ion transport I sc was observed in caprine proximal jejunum when the N content of the experimental diet was decreased. The addition of glucose during the in vitro intestinal studies also caused a stimulation of I sc ; both could refl ect a greater net fl ux of Na + cations from the mucosal to the serosal side. A stimulation of the Na + and substrate transport was observed during a reduced N diet in the growing goats. The 3-OMG was used to study the transport function of SGLT1 because it is not metabolized intracellularly (Shirazi-Beechey, 1996) . Therefore, its fl ux rates represent a direct measure of transport. In proximal jejunum, the J ms of 3-OMG were signifi cantly stimulated whereas J sm remained constant. This resulted in signifi cant increases in J net for 3-OMG indicating a stimulatory effect on active glucose transport in response to a decrease of dietary N in growing goats. The involvement of SGLT1 in the stimulated glucose transport during a reduced N diet was confi rmed by the application of the SGLT1-inhibitor phlorizin. However, the exact mechanisms by which the intestinal glucose transport are stimulated during a reduced N diet in growing goats are not yet understood. From respective increases in J net in response to N reduction in both experimental series it may be concluded that the adaptive changes in glucose transport are induced by N reduction rather than by a decrease of N in combination with reduced energy intake.
To investigate the molecular basis of the increase of intestinal net fl ux rates of glucose, Na + -dependent uptake studies with BBMV from proximal jejunum were performed to evaluate if the apical uptake of glucose, which is suggested to be the rate-limiting step, was modulated by changes in dietary N. The SGLT1 transport capacity, V max , and affi nity, K m , in proximal jejunum of all goats were within the ranges previously reported for sheep (1.75 nmol glucose·mg protein -1 ·15 s -1 and 0.08 mM; Mabjeesh et al., 2003) and lactating cows (0.41 glucose·mg protein -1 ·15 s -1 and 0.12 mM; Zhao et al., 1998) . A stimulation of the Na + -dependent glucose uptake in caprine BBMV from proximal jejunum could not be detected during a reduced N diet whereas the expression of SGLT1 on protein and mRNA abundance was even decreased during this feeding regimen. However, activation in vivo of the intrinsic activity of the caprine SGLT1 in the absence of detectable changes in in vitro uptake studies or transporter abundance cannot be excluded.
The discrepancy between the results performed in Ussing chambers and the data received from uptake studies was somehow surprising. An activation of the driving forces of the intestinal SGLT1 might be involved, which would result in increased activity of the basolateral located Na + K + ATPase. A stimulation of this pump would cause an increase of Na + extrusion generating a greater Na + gradient as driving force for the stimulated Na + -dependent glucose transport processes as determined by the Ussing chamber experiments. Therefore, it can be speculated that an enhancement of the Na + gradient could potentially compensate the SGLT1 reduction, which was detected on mRNA and protein abundance in the goats fed a 7% CP diet, resulting in greater intestinal Na + -dependent glucose transport during a reduced N diet in growing goats.
Furthermore, a reduction of NH 3 concentrations in the ruminal fl uid was detected in the goats fed a reduced N diet . It was hypothesized that this reduction of ruminal NH 3 concentrations could diminish optimal microbial growth, which would limit fermentation and could cause a bypass of starch and hence availability of glucose in the intestine. Therefore, it was speculated that this increase of starch fl ow into the intestine could stimulate SGLT1 activity in growing goats fed a reduced N diet.
The decrease of mRNA and protein expression of SGLT1 during a reduced N feeding regimen in growing goats combined with an unaffected GLUT2 mRNA cannot be explained yet. The modulation of SGLT1 by other luminal factors (e.g., glucagon-like peptide 2, gastrin, or dietary sodium) than the potential greater starch fl ow such as dietary monosaccharides, which has been shown in a wide range of species (Solberg and Diamond, 1987; Ferraris and Diamond, 1989; Lescale-Matys et al., 1993) , can be excluded in this feeding experiment because the differences in the experimental diets were mediated by urea substitutions under isoenergetic conditions. Therefore, a basolateral factor was suggested to be responsible for the observed reduction of SGLT1 expression. In goats kept on a reduced N diet, besides a decrease in plasma urea, a reduction of IGF-1 and calcitriol concentrations was observed Muscher et al., 2011) . Calcitriol, which is mainly involved in the modulation of electrolyte homeostasis in monogastric animals and humans, was able to modulate rabbit SGLT1 activity in Chinese hamster ovary cell cultures by regulating intracellular signaling pathways such as PI3K/Akt/mTOR (Castaneda-Sceppa and Castaneda, 2010) . Therefore, it was suggested that a reduction of plasma calcitriol concentrations, which was observed in these goats Muscher et al., 2011) and monogastric animals (Orwoll et al., 1992 ) kept on a reduced N or protein diet, could be responsible for this decrease.
Additionally, an alteration of the basolateral located extrusion mechanisms via GLUT2 or alteration of intracellular metabolism or both can also not be excluded during a reduced N feeding in growing goats. Furthermore, an apical insertion of GLUT2 was described for rats consuming a high glucose meal (Kellett, 2001 ), but such an induction of GLUT2 in the apical membrane of goats could not be detected so far.
In conclusion, the reduction of dietary N has an impact on other metabolic pathways such as glucose metabolism in growing goats despite effective N recycling mechanisms. The practical relevance of the experimental diets used in this study is decreased because the CP content of the 7% CP group was below dietary recommendations for growing goats. Therefore, the reduction of dietary N in ruminant feeding is still an effi cient possibility to reduce the emission of N. A stimulation of intestinal glucose absorption was observed without an increase of SGLT1 expression. A potential activation of the SGLT1 transport system itself or an activation of the Na + K + ATPase or both cannot be ruled out. Further studies are necessary to evaluate whether those molecular changes, which have been identifi ed in Exp. 2, can also be demonstrated for reduced N under isoenergetic conditions.
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